Abstract A 3-D hydrodynamic-biogeochemical coupled model has been used to estimate a budget of organic carbon and its interannual variability over the 5 year period 2004-2008 in the North-Western Mediterranean Open Sea (NWMOS). The comparison of its results with in situ and satellite observations reveals that the timing and the magnitude of the convection and bloom processes during the study period, marked by contrasted atmospheric conditions, are reasonably well reproduced by the model. Model outputs show that the amount of nutrients annually injected into the surface layer is clearly linked to the intensity of the events of winter convection. During cold winters, primary production is reduced by intense mixing events but then spectacularly increases when the water column restratifies. In contrast, during mild winters, the primary production progressively and continuously increases, sustained by moderate new production followed by regenerated production. Overall, interannual variability in the annual primary production is low. The export in subsurface and at middepth is however affected by the intensity of the convection process, with annual values twice as high during cold winters than during mild winters. Finally, the estimation of a global budget of organic carbon reveals that the NWMOS acts as a sink for the shallower areas and as a source for the Algerian and Balearic subbasins.
Introduction
The Mediterranean Sea displays various hydrodynamic and ecological regimes, with a general west-east oligotroph gradient. Using satellite data, D'Ortenzio and Ribera d'Alcala [2009] evidenced blooming regimes, as in temperate regions, and nonblooming regimes, as in subtropical regions characterized by a low seasonal variation with a winter plateau rather than a clear peak in phytoplankton biomass. The North-Western Mediterranean Open Sea (NWMOS, Figure 1 ) is the region where the bloom is the most intense in the basin, owing to the strength of the deep convection process. During winter mixing episodes, large amounts of nutrients are injected from the deep ocean to the photic zone, where they sustain an explosive bloom in late winter/early spring. In parallel, this region is the place of the formation of the Western Mediterranean Deep Water (WMDW) which may disperse in the entire western subbasin [Schroeder et al., 2008] . Previous studies evidenced the large downward export of particulate and dissolved organic carbon (POC and DOC), accumulated during stratified periods in the euphotic layer, occurring during this open-ocean WMDW formation [Migon et al., 2002; Santinelli et al., 2010; Stabholz et al., 2013] . Therefore this latter process may drive modifications in biogeochemical compounds in the deep sea and consequently in deep biological activities and benthic habitats in the western subbasin.
Three-dimensional modeling exercises were also carried out to assess the interannual variability of the ecosystem dynamics in the NWMOS. Bernardello et al. [2012] showed a late onset of the bloom during cold winters compared to mild winters. The 30 year period modeling study of Auger et al. [2014] indicated a low interannual variability in yearly primary production which is not affected by winter mixing. They explained this finding by a seasonal balance between winter and spring primary production. Their results showed that a decrease in grazing might occur during strong mixing winters, due to prey rarefaction, resulting in an 
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unconstrained primary production during early spring. In contrast, these authors highlighted that during weak convection winters, the development of phytoplankton in winter and spring was more continuous. Based on a climatological modeling approach, Herrmann et al. [2013] showed that the export of organic matter is submitted to a large interannual variability mostly linked to the intensity of deep convection. Finally, results from Bernardello et al. [2012] indicated that the coupled-chronology of wind-mixing episodes and blooms is rather the most important factor which determines the intensity of yearly export fluxes. In this latter study, the winter export presents low interannual variability. However, it is noteworthy that these previous modeling studies were either restricted in time [Bernardello et al., 2012] , based on a climatological approach [Herrmann et al., 2013] , or only assessed a partial budget of organic carbon [Auger et al., 2014] .
Hence, the objective of the present work is to estimate a global budget of organic carbon in the NWMOS at an annual scale, using a realistic approach. To that purpose, the interannual variability of the transport and biogeochemical fluxes of organic carbon, as well as of nutrients, in the NWMOS, was studied over a 5 year period (November 2003 (November -2008 characterized by climatically contrasted winters, using a realistic high-resolution modeling approach. In particular, the exchanges between the photic zone and the deeper layer, as well as between the NWMOS and the adjacent shallow areas and open seas were assessed. The paper is organized as follows: section 2 describes the biogeochemical model and its coupling with an ocean circulation model. In sections 3 and 4, modeling results are presented and compared with in situ and satellite observations. An estimation of the main biogeochemical fluxes is performed in section 5. Finally, the main conclusions are given in section 6.
Material and Methods
The Coupled Physical-Biogeochemical Model
The modeling presented in this study is based on an offline coupling between a 3-D regional ocean circulation model and a biogeochemical model. Both models are described in the following sections.
The Hydrodynamic Model
We have used SYMPHONIE, a Boussinesq hydrostatic ocean circulation model developed by the SIROCCO group (http://sirocco.omp.obs-mip.fr). Momentum and tracer concentrations are computed on an Arakawa curvilinear C-grid using an energy conserving finite difference method described in Marsaleix et al. [2008] . The time stepping method consists of a Leap Frog scheme combined to a Laplacian filter [Marsaleix et al., 2012] . A generalized sigma coordinate is used in conjunction with a hybrid sigma/step method in area of steep topography in order to reduce the well-known ''sigma coordinate errors'' reported in Auclair et al. [2000] . A ''pressure-Jacobian'' method suited to the sigma coordinate is used to compute the pressure gradient scheme [Marsaleix et al., , 2011 . The turbulence closure scheme consists of a prognostic equation for the turbulence kinetic energy combined to the mixing and dissipation length scales of Gaspar et al. [1990] . Radiative conditions are applied at the lateral open boundaries [Marsaleix et al., 2006] and combined with a restoring border layer toward the outputs of the general circulation model . Measured river discharges are introduced through a lateral volume and salt-conserving condition [Reffray et al., 2004] .
This model was previously applied to study the formation of shelf dense water and its cascading over the slope [Dufau-Julliand et al., 2004; Estournel et al., 2005; Ulses et al., 2008] , and the deep convection in the NWMS.
The Biogeochemical Model
The biogeochemical model Eco3M-S described in details by Herrmann [2007] and Auger et al. [2011] represents the cycles of carbon (C), nitrogen (N), phosphorus (P), and silica (Si) and the dynamics of different plankton groups. Three size-classes of phytoplankton (pico, nano, and microphytoplankton), three size-classes of zooplankton (nano, micro, and mesozooplankton), and one class of bacteria are accounted for. The relative internal composition, i.e., the stoichiometry, is considered as variable for phytoplankton and constant for heterotroph organisms. Four compartments of dissolved inorganic nutrients (nitrate, ammonium, phosphate and silicate) are considered. Nitrate and ammonium are distinguished owing to their distinct roles in the functioning of pelagic ecosystem (new versus regenerated production). Phosphate is considered due to its important role in the control of the primary productivity at some periods of the year [Diaz et al., 2001; Pasqueron de Fommervault et al., 2015] . Dissolved organic matter (DOM) is considered in the model under the forms of C, N, and P. Particulate organic matter (POM, under the forms of C, N, P, Si, and chlorophyll) is divided into two weight classes, namely light and heavy. The food-web structure of the model and the biogeochemical processes interacting between compartments are schematically represented in Figure 2 . List of state variables is given in Appendix A Table A1 .
The representation of the phytoplankton processes is derived from the model Eco3M presented and validated in Baklouti et al. [2006] . This model was extended to represent the various phytoplankton functional types computed in terms of carbon, nitrogen, phosphorus, silica (only for microphytoplankton), and chlorophyll contents with potential multinutrient limitation for their growth. The processes that drive the dynamics of development of phytoplankton functional types are (1) the gross primary production, (2) the autotrophic respiration, (3) the chlorophyll synthesis, (4) the exudation of dissolved organic carbon, (5) the uptake of nutrient, (6) the exudation of dissolved organic matter following the uptake of nutrients, and (7) the natural mortality (e.g., including viral lyses). The zooplankton and bacteria model is an adapted version of the stoichiometric model developed for heterotrophs by Anderson and Pondaven [2003] and applied in the Ligurian Sea by Raick et al. [2005] . The grazing, egestion, sloppy feeding, excretion, respiration, mortality, and predation by higher trophic level are the main processes driving the dynamic of zooplankton biomass at each time step in the model. The processes that drive the dynamics of the bacteria compartment are (1) the uptake of DOM and of nutrients, (2) the excretion of nutrients, (3) the respiration, and (4) the mortality. The process of decomposition of POM, represented in an implicit way, here stands for the hydrolysis activity of the particle-attached bacterial community. This process feeds DOM pool and silicates.
The model was used to study the interannual biogeochemical variability linked to atmospheric and hydrodynamic forcings from climatological [Herrmann et al., 2013 [Herrmann et al., , 2014 and statistical [Auger et al., 2014] points of view. For this study, a new calibration has been carried out to correctly capture the timing and intensity of spring blooms over the period [2004] [2005] [2006] [2007] [2008] (Appendix A Table A2 ). 2.1.3. Implementation of the Coupled Model A simulation with the hydrodynamic model has been first performed, storing daily-averaged currents, turbulent diffusion coefficient, and temperature. Then the biogeochemical model has been run with a 2 h time step, using the circulation model results as forcing fields.
We have used a regional-scale configuration on the western Mediterranean subbasin (0840 0 W-11840 0 E; Figure 1 ) with 40 sigma-step vertical levels and a 2.5 km horizontal resolution, as described in Auger et al. [2014] . The model domain extent has been chosen to minimize the influence of boundaries in the area of interest, the NWMOS. The model has been run using initial and boundary conditions from the basin-scale OGCM NEMO-MED8 model with 1/88 resolution [Herrmann et al., 2010] . For the atmospheric forcing, the daily outputs (radiative solar and long-wave fluxes, surface pressure, air temperature, relative humidity, and wind velocity) of the meteorological model ARPERA Herrmann et al., 2010] , a downscaling of the ECMWF model reanalysis, was used. A relaxation term toward NEMO-MED8 daily sea surface temperature was applied with an 8 day restoring time scale for the heat flux. The water flux was the sum of the evaporation-minus-precipitation flux without any relaxation or correction, plus the river daily runoffs. Discharges of the most important river, the Rhône river, and of the Orb river have been prescribed using in situ daily data (sources: BANQUE HYDRO); discharges of Aude, H erault, and Ebro rivers correspond to monthly climatological discharges calculated from, respectively, 9, 23, and 7 years of daily discharges (sources: BANQUE HYDRO and SAIH Ebro). The 5 year-averaged annual 
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discharge of the rivers is given in Table 1 , and the temporal evolution of the discharges is presented in Appendix B Figure B1 . The simulation starts in October 2003 and ends in November 2008.
For the initialization of the biogeochemical variables, we have used different sources of available data: to take into account the characteristics in nutrients of the different water masses of the region, we have initialized nitrate, phosphate, and silicate concentrations using density/nutrient relations obtained from observations collected during the DYNAPROC2 cruise, as performed by Prieur and Legendre [1988] . The initialization of the other state variables (bacteria, zooplankton, DOM, POM) has been done based on DYFAMED observations, when available, and literature data. Finally to obtain coherent biogeochemical variables, a preliminary simulation of the perpetual year 2004 has been performed. A quasi-steady state was reached after 2 years of simulation.
At each grid point of the open boundaries, the nutrient concentrations have been deduced from the density relation mentioned before and a zero-gradient condition has been applied for other variables. [Moutin et al., 1998; Semp er e et al., 2000] as described in Auger et al. [2011] . Table 1 gives the 5 year mean annual nutrients loads.
In order to take into account the fluxes of inorganic nutrients at the water-sediment interface, we coupled the pelagic model with a simplified version of the metamodel described by Soetaert et al. [2000] . In this version, key parameters (percentage of nitrification and of mineralization by denitrification) have been set to constant values according to the Pastor et al. [2011] study. Initial concentrations of the substances in the benthic model have been calculated by considering a steady state (equilibrium between deposition and mineralization processes) and are based on the 5 year averaged deposition fluxes. These latter fluxes have been obtained by an initial 5 year run of the pelagic model without coupling with the benthic model. Finally, atmospheric deposition of dissolved and particulate matter at the sea surface has been neglected and no flux induced by resuspension processes on the floor has been considered.
We focus in this study on the evaluation and analysis of the interannual variability of the hydrodynamic and biogeochemical fluxes and the annual budgets in the NWMOS. Therefore we have defined a ''NWMOS box'' as the area where depth is higher than 1500 m, delimited by longitudes 28E and 9.58E, and latitudes 408N and 458N (indicated in Figure 1 ), as in Auger et al. [2014] , in order to compute averaged concentrations and fluxes. The delimitation by the 1500 m isobath was chosen (1) to include the areas of intense vertical mixing (winter mean mixed layer depth > 200 m) and of bloom (surface chlorophyll concentration > 1 mg m 23 ) and (2) to avoid the signal of coastal processes. The delimitation in longitudes and latitudes was set to include the bloom areas as defined by D'Ortenzio and Ribera d'Alcala [2009] and Bernardello et al. [2012] . A sensitivity study to the choice of the ''box'' boundaries on the various fluxes and budget terms is presented in section 5.3.4. The annual fluxes and budgets have been computed from November to November in order to include the preconditioning phase of open-sea convection events.
Data Used for the Model Evaluation
In order to evaluate the quality of the coupled model outputs we have used a set of in situ and remotely sensed observations over the study period. The sea surface temperature (SST) of the hydrodynamic model was compared to NOAA AVHRR satellite data downloaded from the EOWEB Geoportal of DLR (http://eoweb.dlr.de).
The DYFAMED station is located in the central part of the Ligurian Sea, offshore the Cap Ferrat, at 2350 m deep (Figure 1 ). In the framework of the JGOFS program, long time series of hydrological and biogeochemical parameters were collected, from 1991 until now (doi:10.12770/271cddd7-e9af-4175-9398-3f3e272af9bb), with the aim to study the seasonal and decadal variations, and the potential response of the ocean to anthropogenic and climate perturbations. These data were analyzed notably for phytoplankton by and Marty and Chiav erini [2010] , for heterotrophs by Tanaka and Rassoulzadegan [2002] , as well as by Miquel et al. [2011] 2003-2004 to 2007-2008 In this section, the atmospheric and hydrodynamic conditions, as well as their interannual variability, are presented and checked against observations that were mostly collected during the study period. Figure 3a presents the seasonal time series of the modeled air-sea heat fluxes averaged on the NWMOS. Marty and Chiav erini, 2010; Miquel et al., 2011; Pasqueron de Fommervault et al., 2015] . In this comparison, both model and observational MLD estimates were calculated using the method based on density criterion. Figure 4a presents for each year a composite map for which each pixel corresponds to the thickest MLD modeled during the winter. Although the maximum convection area is located offshore the Gulf of Lions over the five winters, the extent of the vertical mixing, as well as its intensity, clearly show a high interannual variability. Finally the Nash-Sutcliffe efficiency coefficient [Nash and Sutcliffe, 1970] has been calculated. It also reflects a realistic representation of the physical properties in the model results as it reaches 0.96 for the comparison with satellite data and 0.86 for the comparison with in situ data.
Heat Fluxes
Spatial and Temporal Biogeochemical Variability of the NWMOS
We show in the following section a set of comparisons between biogeochemical model results and available observations over the study period, listed in section 2.2. These comparisons enable us to evaluate the ability of the model to represent the main biogeochemical characteristics of the studied area and period. We focus here on the seasonal and interannual variations of the ecosystem dynamics, in the NWMOS area.
Surface Chlorophyll
We have compared modeled surface chlorophyll concentrations, averaged over the NWMOS area, with MODIS satellite images, over the period [2004] [2005] [2006] [2007] [2008] . Figure 6a displays the time series of both modeled and observed surface chlorophyll concentrations. Model results globally fit quite well with the satellite data. The onset of the 
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spring blooms and their duration are generally correctly simulated by the model. Nevertheless, the increase in chlorophyll concentration in winter is higher in the model. This difference could be due to an overestimation of primary production in the model and/or to an underestimation by satellite algorithm in winter [Gernez, 2009] . Finally, from June to September, the modeled chlorophyll is slightly higher than the observed one. This difference could be attributed to an underestimation of the satellite data as shown by Bosc et al. [2004] through comparisons with DYFAMED in situ data. A temporal-mean RMS error of the spatially averaged surface chlorophyll of 0.23 mg m 23 and a correlation coefficient of 0.80 (p < 0.01, Figure 5c ) confirm a satisfying global agreement between model results and observations. The model results come with a standard deviation 42% greater than the one associated with the observations (Figure 5c ). Moreover, the time correlation coefficient has been calculated at each grid point (not shown). It mostly varies between 0.5 and 0.9, and is always significant (p < 0.05). As obtained by Auger et al. [2014] , the lowest correlations have been found in the area of important submesoscale activity (slope and convective regions). Finally, the value of the Nash-Sutcliffe efficiency coefficient is 0.26, reflecting a correct agreement between model outputs and satellite data. We have chosen to present here an average on April, the month when the spring bloom is generally the most intense. The spatial extension and intensity of the spring bloom are correctly captured by the model in the NWMOS. For April 2008, the model estimates are lower than those of the satellite data, but the location of the maximum of surface chlorophyll concentration in the Ligurian Sea is well reproduced. The underestimation default could be attributed to a too smooth and weak vertical mixing in the model. Figure 7 displays a comparison between observed and modeled vertical profiles of chlorophyll, nutrients, and bacteria concentrations at the DYFAMED deep station at the same days. We have chosen to present here a comparison by season to assess the ability of the model to represent an annual cycle. This comparison is completed with the RMS error computed over the whole study period (Figure 8 ).
Biogeochemical Vertical Structure
In winter, the model correctly reproduces the weak concentrations of chlorophyll for the three phytoplankton groups in the homogenized upper layers (0-200 m) (Figure 7 ). The concentration of nitrate and silicate in surface and intermediate waters is slightly underestimated in winter by the model, whereas the simulated phosphate concentration stands within the range of observed values. In spring, the model satisfyingly reproduces the increase of chlorophyll in the 0-50 m surface layer. In summer, it simulates, in agreement with observations, a deepening of the chlorophyll maximum due to the nutrient depletion in the surface layers. Finally, in fall the homogenization of the surface layer concentration provoked by an intensification of wind in November and December is correctly reproduced by the model. On the whole period, the integrated chlorophyll content for the three phytoplankton groups is distributed as follows: micro: 33%, nano: 52%, and pico: 15%. Concerning bacteria concentration, the model simulates, in agreement with measurements, low and homogeneous concentrations in winter, an increase in the surface layer in spring and a persistence of the biomass maximum depth in summer. However, one can notice that the model underestimates the decrease in concentrations during fall.
These comparisons show that the model is able to capture quite correctly the observed seasonal cycle of the vertical profiles of chlorophyll, nutrients, and bacteria. The orders of magnitude of the variables and the repartition of the three phytoplankton groups simulated by the model are in reasonable agreement with in situ measurements. The depth-averaged RMS error associated with chlorophyll concentrations is relatively low from January to early March, when the concentrations are small (Figure 8b Since no data were available for zooplankton and DOC concentrations on the study period, we have confronted the simulation results for these variables to literature data. The nano and microzooplankton 
Budget in the NWMOS
In the following sections, we present the model-derived time evolution and budget estimates of the volume of dense water (section 5.1), of the upward fluxes of nutrients into the surface layer (section 5.2), and of the fluxes of organic carbon (section 5.3), in the NWMOS. These model results are compared with previous studies. In section 5.3, a global budget of organic carbon and its sensitivity to the analysis domain boundaries are presented, following an assessment of the primary production and the downward export. Figure 9a presents the time evolution of the volume of dense water driven by atmospheric fluxes. We have computed this volume using the method of Walin [1982] . The critical density has been set to 1029.1 kg m 23 . From winter 2003 From winter -2004 From winter to winter 2005 From winter -2006 , the volume of the formed dense water follows a similar evolution to the one of the MLD (Figure 3b ). It is null or very small in winters 2006-2007 and 2007-2008 . The cumulative volume formed for each studied year is indicated in Table 2 . It reaches 1.6 10 13 m 3 , 7.8 10 
Dense Water Formation
Vertical Import of Nutrients Into the Surface Layer
The time evolution of the amount of nitrate entrained into the surface layer (0-100 m) in the NWMOS through advection and turbulent mixing is reported in Figure 9b . The upward transport exhibits clearly a seasonal signal with maxima between November and March/April. During this period, violent wind events occur and the surface waters are mixed (Figure 3 ) with nutrient-rich deep water masses. We found an 80% significant correlation (p < 0.01) between the MLD and the import of nitrate into the surface layer. Similar evolutions for the transports of phosphate and silicate have been obtained, as expected (not shown). A strong positive correlation between the convection intensity and the surface nutrient enrichment was also obtained by Herrmann et al. [2013] . are in the same range as the previous ones based on in situ observations.
Budget of Organic Carbon
The stock of organic carbon modeled in the NWMOS (not shown) remains stable over the 5 years under study, when considering the surface layer (0-100 m, mean loss of 2% yr 21 ) and the whole water column (mean loss of 0.3% yr 21 ). The interannual variability of the standing stock has been estimated. A gain of organic carbon has been found for ''cold'' winter years and a loss of organic carbon has been highlighted in 2006-2007 and 2007-2008 when vertical mixing remains shallow; these findings are in agreement with modeling results of Auger et al. [2014] . Thus, the slight decreases of the stock of organic carbon over the 5 year study period are attributed to the succession of two mild winters encountered in 2006-2007 and 2007-2008 . Nevertheless, the quasi-equilibrium of the standing stock enables us to estimate and to analyze a budget of organic carbon over the study period.
Primary Production
The modeled Gross Primary Production (GPP) presents a strong seasonal signal (Figure 9c ). It is generally characterized by an increase between January and April, with a peak value in March/April; it is quite constant from June to August, with values included in the range 1-1.2 gC m 22 d
21
. It decreases then from September to the end of December despite the increase in surface chlorophyll mentioned in section 4.1. As suggested by Lavigne [2013] based on in situ observations this increase is the result of the entrainment of the deep chlorophyll maximum at the surface by wind-induced mixing. The evolution of the GPP for the five investigated years is highly variable during the first semester but very regular from July to January. The interannual variability of the GPP evolution during the first semester is clearly linked to the one of the atmospheric and hydrodynamic conditions, as the intense vertical mixing events cause an interruption, or at least a reduction, of the GPP winter increase, as found by Bernardello et al. [2012] using 3-D modeling. We have estimated the date of the onset of the annual bloom as the first day (after 1 January) when primary production (instead of surface chlorophyll as in Siegel et al. [2002] ) is 5% greater than the annual median value. As expected, the bloom starts earlier in weakly mixing winters ( Moreover, one can notice that the annual peak value is also correlated with the intensity of winter heat losses (Figure 3a) . The modeled GPP maximum is 1. Model results show that the contribution of nanophytoplankton to the total primary production generally dominates from January to September (Figure 9c ). Microphytoplankton dominates over picophytoplankton when nutrients concentration is high in the surface layer, from January to March. The largest contribution of picophytoplankton is encountered during the stratified period, between July and November. This seasonal contribution of the three size classes of phytoplankton is in good agreement with the results of Uitz et al.
[2012] deduced from satellite images. Table 2 gives the values of annual and seasonal (winter and spring) primary productions during the five studied years. We found that the annual GPP and NPP (Net Primary Production) present a low interannual variability, with a mean value of 283 6 5 gC m 22 y 21 and 150 6 3 gC m 22 y
, respectively. Globally, on the 5 year period, microphytoplankton contributes to 23%, nanophytoplankton to 48%, and picophytoplankton to 28% of the total GPP. The modeled annual values fall in the range or are higher than previous estimates on the area. Marty and Chiav erini [2002] estimated a highly variable primary production ranging from 86 to 232 gC m 22 y
, but these results could be biased by the monthly frequency of the measurements. On the contrary, Bosc et al. [2004] estimates presented a weak interannual variation (standard deviation lower than 12%) and were in the range 180-213 gC m 22 y 21 in the Gulf of Lions and the Ligurian Sea. As found by Auger et al.
[2014], the model results suggest that the annual GPP is not correlated with the intensity of winter mixing. However, one can notice, as shown by these authors and by Herrmann et al. [2013] , that the winter GPP is anticorrelated with winter mixing: it is minimal in 2004-2005 when convection is very intense and maximum in 2006-2007 and 2007-2008 when winter mixing is shallow (Table 2) . Conversely, the spring GPP appears to be in coherence with winter mixing: it was maximal during years of intense winter mixing characterized by strong import of nutrients into the surface layer. The winter and spring GPP interannual standard deviations (respectively 29 and 35 gC m 22 y
) are higher than the annual GPP one (5 gC m 22 y
). These results confirm that the intensity of the spring and winter GPP is tightly linked since they complement each other. 
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show strong differences in time evolution between -2005 . In year 2004 -2005 , when the water column restratifies, a first explosive increase of nitrate uptake occurs in mid-March, and is followed by a maximum of ammonium uptake in late April/early-May. A second peak of nitrate uptake occurs after a last vertical mixing event in mid-April. In contrast, year 2006-2007 is characterized by a succession of small and short nitrate and ammonium uptake events. Second, it is interesting to notice that the nitrate uptake is similarly increasing in both early winters (January and February), no matter the amount of upwelled nutrients (Figure 9b (Figure 3b ) with a peak value in March. Their respective correlations with the MLD are found to be 0.76 for POC and 0.69 for DOC (p < 0.01). In the other hand, the export at 100 m seems not to be directly related to the OC content in the upper layer (0-100m). Indeed, the concentration of OC decreases in the surface layer during convection episodes due to the winter wind-induced dilution, when export increases. In spring, when the OC content increases during the phytoplankton bloom, the water column is stratified and the export toward the bottom is limited. Finally, in summer and early fall, both surface OC content and export slowly decrease. Significant anticorrelations are found between the export flux and the surface layer content (20.46 for total OC, 20.14 for POC and 20.43 for DOC). These results are in fair agreement with the ones of Miquel et al. [2011] who reported, from in situ measurements, a better connection of the downward fluxes to the MLD than to the phytoplankton biomass. However, as shown by Bernardello et al. [2012] , we have found that the timing of the wind-induced mixing compared to the one of phytoplankton growth has an importance in the amount of export. For instance, in 2006, after a period of deep vertical mixing in January, the water column restratifies and the phytoplankton growth starts. This first increase of phytoplankton biomass stops when a secondary intense mixing event occurs in March, provoking the maximum peak export over the 5 year studied period. The export flux appears then largely influenced both by the intensity of the mixing events and by their timing compared to the one of phytoplankton growths.
The interannual variability of annual export is clearly related to the meteorological and hydrodynamic forcing: the higher the winter heat loss, the higher the annual flux of OC export. The annual exports of POC and DOC in the NWMOS vary, respectively, from 18.6 to 36.0 gC m 22 y 21 and 11.3 to 20.1 gC m 22 y 21 over the study period (Table 2 ). It is noteworthy that the annual export of POC and DOC at 100 m is not negligible, but half as much, in 2006-2007 and 2007-2008, compared to the other years although winter mixing is very weak.
The annual export of POC at 100 m depth represents from 6 (in 2006-2007) to 13% (in 2004-2005) of the annual GPP. It is mainly composed of detritus material. This latter represents 72% (59% small particles, 13% large particles) of the total exported POC. Phytoplankton contributes to 10%, zooplankton to 7%, and bacteria to 11%. The spatial distribution of the organic carbon export at 100 m depth is displayed in Figure 11 . For all years, the export is strong along the slope especially at the entrance of the Gulf of Lions, in the Catalan Canyons, and North of Minorca Island, due to advection processes along the thermohaline circulation. High values of export are also visible in the convection area, due to both advection and turbulent mixing that presents, as expected, a similar distribution (not shown) to the MLD one (Figure 4) . The spatial structures of export are clearly finer during the highly convective years in 2003-2004, 2004-2005, and 2005-2006 when additional sub-mesoscale structures specifically develop.
The seasonal variability of the modeled subsurface POC export for the NWMOS is in good agreement with the general trend described by Miquel et al. [2011] and Stabholz et al. [2013] deduced from sediment trap observations, respectively, at the DYFAMED and the LION sites. They observed (1) low export fluxes during the stratification period, from June to November, (2) rapid downward transfer of particulate and dissolved matter during the vertical convection in winter, and (3) Regarding DOC export, Avril [2002] , using in situ monthly measurements, obtained an annual DOC flux of 12 gC m 22 y 21 (with 6 50% interannual variation) at 100 m depth at the DYFAMED station. As previously mentioned, those measurements were performed on the period 1991-1994, when winter mixing was rather weak [Auger et al., 2014] . We found an export of DOC with a mean value of 38 gC m 22 y 21 at the 100 m interface at this site; this modeled value is likely to be too strong due to a probable overestimation of advection processes at this point [Auger et al., 2014] . Nevertheless, our estimate on the whole NWMOS, namely 15.2 6 3.8 gC m 22 y 21 , is close to the estimates of Avril [2002] .
Export at Middepth
At 1000 m depth, the POC export follows similar seasonal signal, interannual variability, and spatial patterns of the one at 100 m depth, in the model simulations (not shown). The mean annual export of POC is found to be 4.3 6 1.6 gC m 22 y 21 (Table 2 , 16% of the mean annual export flux at 100 m). It represents from 1 to 2% of the annual GPP. In addition, we found that 71% of the annual POC export is explained by sedimentation, 29% by advection, and 1% by turbulent mixing. Again, one can notice large interannual variations in these percentages. We observe in the model simulations that most of the particles exported by sedimentation to 1000 m depth, eventually settle on the floor. Indeed, the correlation between the deposition flux and the export by sedimentation at 1000 m reaches 0.98 (p < 0.01). By contrast, only a limited amount of the particles entrained below 1000 m depth by advection and turbulence mixing reaches the floor: the correlations of the deposition flux with the export at 1000 m depth by advection and by turbulent mixing are found to be respectively 0 and 0.2. Note that the spatial distribution of deposition on the floor is mainly shaped by the bathymetry (not shown). note that resuspension processes were not taken into account in our modeling studies, so that these modeled mean values might be slightly overestimated. Indeed Martin et al. [2010] and Stabholz et al. [2013] claimed that intense open ocean convection events in the NWMOS can cause strong near-bottom currents and significant remobilization of sediment. The monthly-mean vertical downward transport of OC at 100 m depth also displays a clear seasonal signal (Figure 12a ) as expected. Peaks are reached between January and March according to the timing of vertical mixing. Specifically, the 5-year mean vertical downward transport of POC and DOC reaches its maximum respectively at 2.1 10 10 gC d 21 in March, and 0.9 10 10 gC d 21 in January (data not shown).
The monthly-mean surface lateral transport of OC, from shallower regions to the NWMOS area, is globally positive during the whole year (not shown ). However, as mentioned before, recent observations collected during DEWEX1 campaign show homogeneous profiles of DOC in the MEDOC area during winter mixing (M. Pujo-Pay, personal communication). In the model, such homogenizations of DOC profiles, and hence decreases of surface DOC concentration, are represented during intense vertical mixing. Thus, the spatiotemporal variation of the modeled surface DOC concentration could explain that we obtained a lower estimation than the one derived from observations by Santinelli et al. [2010] . Winters 2004 Winters -2005 Winters and 2005 Winters -2006 were also characterized by intense and deep dense shelf water cascading along the Gulf of Lions and Catalan slopes [Lopez-Jurado et al., 2005; Canals et al., 2006; Ulses et al., 2008] . Santinelli et al. [2010] reported high DOC concentrations near the bottom in the Western part of the Balearic Front in May 2005 that may be explained by this physical process. We have estimated the lateral transports of OC, associated to these dense shelf water (DSW) cascading events, from the Gulf of Lions and Balearic Sea shallow areas to the NWMOS. These estimations reach 1. Ulses et al. [2008] that ranged between 1.4 and 2.9 10 6 tC, based on 3-D hydrodynamic modeling. ) open seas. It is noteworthy that the vertical downward export of OC is higher than the surface NCP (5 year mean: 121% of the surface NCP). In the rest of the water column (100 m-bottom, Figure 13b ), the OC imported by vertical transports from the upper layer and by lateral transports from the shallow areas (5 year mean: 270 6 37 tC y 21 ), is either locally remineralized in the water column (5 year mean: 490 6 110 tC y 21 ), or exported mainly to the Southern open sea (5 year mean:
337 6 48 tC y 21 ).
Annual surface layer NCP and downward export increase with the intensity of the mean winter heat loss (Figure 12b ). An inverse trend is visible for NCP in the rest of the water column. This is explained by the fact that during years characterized by vigorous winters, an important part of heterotroph processes is shifted from the surface to the deep waters, as higher amounts of OC are exported toward the bottom during mixing events. If open sea convection tends to reduce in frequency and intensity in the future because of an increasing stratification and the weakening of the thermohaline circulation [Somot et al., 2006; (28E < longitude < 9.58N; 408N < latitude < 458N; bathymetry > 1500 m, see section 2.1.3). Two additional simulations have been performed to assess the sensitivity of model results to the choice of the analysis domain boundaries. In a first test, the area has been extended toward the coast by modifying the boundary isobath from 1500 to 1000 m. In a second test, the area has been inversely reduced with a boundary isobath set to 1700 m. It is noteworthy that the time evolution and the interannual variability of the annual fluxes (not shown) are not significantly modified in both tests. Table 3 provides the ratios between the mean annual fluxes obtained with boundary changes, and the ones of the reference simulation. The modification of the analysis domain boundaries has a negligible impact on the mean annual primary productions (changes less than 1%). The OC exports (at 100 m and 1000 m depth) present a change of less than 7%. The deposition flux in the area delimited by the 1700 m isobath is reduced by 6%; it is reinforced by 11% when the area is delimited by the 1000 m isobath. The upward transports of nutrients change by 8-9% for the reduced domain (isobath 1700 m) and by 5-21% for the extended domain. This could be explained by the strong gradient of nutrients at 100 m and the strong vertical dynamics along the slope. The NCP is increased in the whole water column in the extended domain and inversely in the reduced domain. Finally, important impacts on certain lateral transports (i.e., change of 22% in the transport towards the shallower regions and up to 60% in the transport toward the Southern open sea, both in the surface layer) are found, probably due to strong mesoscale dynamics in the slope currents.
Conclusion and Perspectives
A recalibrated version of the 3-D physical-biogeochemical coupled model described by Auger et al. [2011] has been used in order to appraise the interannual variability of transport and biogeochemical fluxes in the NWMOS over the period [2004] [2005] [2006] [2007] [2008] . This period is marked by highly contrasted winter atmospheric and hydrodynamic conditions. The confrontation of model results with in situ and satellite observations on that period shows the capabilities of the model to correctly capture the timing, the intensity, and the spatial extent of the open-sea convection and spring bloom events.
The results confirm that the amount of nutrients injected in the productive zone is highly dependent on the intensity of winter mixing. A strong import of nutrients (1222.10 3 tN of nitrate, 117.10 3 tP of phosphate, and 1840.10 3 tSi of silicate) to the upper layer has been estimated for the 2004-2005 severe winter. On the contrary, the annual primary production does not seem to be sensitive to hydrodynamic variability. A compensation effect between winter and spring primary productions explains this result. During severe winters, the phytoplankton growth is inhibited during intense mixing events followed by spectacular new and then regenerated productions. In contrast, during mild winters, the growth of phytoplankton starts earlier and is described by a succession of moderate new and regenerated productions.
The exports of organic carbon at 100 m and 1000 m depths are found highly affected by deep convection intensity. For instance, during the year 2004-2005, marked by an extremely cold winter, the annual organic matter export at 100 m depth is twice as high than the one estimated during the mild winter year 2006-2007. The seasonal signal of the organic carbon export is marked by maxima during the events of winter mixing during which organic carbon is mostly exported by advection and turbulent mixing processes. Besides, the maximum daily export over the 5 year period is obtained in winter [2005] [2006] , during a violent mixing episode following a calm period favorable to phytoplankton growth.
The estimates of the biogeochemical and transport fluxes suggest that the NWMOS is an autotrophic area, since net community production is positive in the whole water column. During years of intense deep convection, an increasing part of heterotroph processes takes place in the aphotic zone, due to higher downward organic matter export fluxes. The NWMOS globally acts as a sink for organic carbon originated from shallow region, and a source of organic carbon for the adjacent open-seas, in particular for the Algerian subbasin.
Although the model gives some realistic spatial and temporal patterns, comparisons with observations highlight possible defaults. Globally, the biogeochemical module of the model presents obviously weaker performance than the physical module. First, it has been shown that the modeled surface chlorophyll concentration could be overestimated in winter. Moreover the differences between the model biogeochemical fields and the satellite observations have been found to be greater in the regions of strong submesoscale activity, on the slope and in the convection areas (MEDOC area and Ligurian Sea). This could induce an overestimation of the export which has shown to be particularly strong during winter in these regions. The new high frequency and high resolution in situ observations (in particular bio Argo floats data) that have been deployed since 2011 in that area, could be very useful to better constrain the model and hence refine the present budget. Moreover, new improvements of the model should be realized for further studies. The
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impact of resuspension processes might be assessed, since Stabholz et al. [2013] , by comparing the fluxes at middepth and near the bottom, evidenced the influence of these processes during deep open-sea convection. Besides, two surveys (DEWEX1 and DEWEX2) were carried out in February and April 2013 in the NWMOS where an unprecedented set of data concerning the carbonate system was collected. This will be a very favorable context to add in our model a dedicated module describing this system [Soetaert et al., 2007] , in order to assess the influence of atmospheric and hydrodynamic processes on the uptake of CO 2 in this open-sea area.
Appendix A: State Variables and Model Parameters 
